Microfluidics and Lab-Chip technologies are synonymous with the movement of fluids on or around microstructured surfaces, including channels. To better control the nature of the acoustic field when using surface acoustic waves (SAWs), we have introduced the concept of using frequency dependent periodic arrays known as phononic crystals within microfludics. In doing so, we have enabled waveguides, reflectors, bandgaps and lenses, that shape the ultrasonic field and create new fluid flows.
INTRODUCTION
Flow is often driven by peristaltic pumps or through electrokinetic flows (including electro-osmosis, for example). Recently, pressure driven flow through the use of surface acoustic waves (SAWs) has attracted much attention. The SAWs contain a mechanical energy that can be used to manipulate fluids. In one particular example, involving SAWs, a high frequency electric field can be applied to a piezoelectric lithium niobate chip to create an ultrasonic wave, which propagates into the fluid in a manner as shown in Figure 1 , below. Building on this concept, we have developed a novel and significantly improved method for performing more complex fluid manipulations. Our new platform involves the same principle of generating SAWs on piezoelectric chips (which may be lithium niobate), but, unlike all previous work, the ultrasonic waves are first coupled into a phononic lattice, which is placed in the path of the SAW. The phononic structure reflects, refracts or scatters the acoustic energy, enabling us to create complex patterns of ultrasonic waves.
Typically, such phononic lattices comprise a miniaturised array of mechanical elements which modulates the sound both by the elastic contrast between the elements in the array (represented by a contrast in the Young's moduli) as well as by the dimensions of the array and its surrounding matrix (including the size and pitch of the features within the array). Such lattices, also known as phononic crystals can be made from a variety of materials, including glasses and silicon, Figure 2 , left.
As stated, the result of passing the SAW through a phononic crystal is the formation of a new, complex and highly controllable patterns of acoustic field intensities, which can propagate into the fluid, creating pressure differences that result in unique flow patterns. Crucially, these fluid flow patterns are dependent upon the frequency of the SAW, providing an important link between the acoustic wavelength, the structure of the phononic crystal and the behaviour of the fluid.
Figure 2 Left shows an SEM of a phononic structure (in this case a graded index lens) which is placed in the path of the SAW to create complex flows, focussing the acoustic energy into the drop. Right, shows the concept of using a superstrate as a disposable chip being placed on a piezoelectric substrate. The superstrate is patterned with a phononic crystal. SAWs, generated at the IDTs couple into the superstrate as Lamb waves.
We have also shown that instead of fabricating the phononic lattice directly into the piezoelectric chip, we can create the phononic pattern in a low cost disposable chip, which we can interface with the piezoelectric substrate, see Figure 2 , right, above. We are able to demonstrate how we can create these interesting liquid manipulations, including on-chip centrifugation of small volumes of liquids, cell lysis through the creation of shear, cell separation, liquid heating and atomization.
Different phononic structures give different functions, providing a "tool-box" of different applications. Just as in electronics, where discrete components are combined to create circuits, so we propose to combine different phononic lattices into Lab-on-a-Chip, to create fluidic microcircuits. The applications of this technology can be demonstrated through a number of "real-world" examples, namely: medical diagnosis using the SAWs for sample preparation and identification of malarial parasites in whole blood; and in drug delivery, where the control of the size distribution of droplets during nebulization can be achieved by restricting the fluid in a phononic crystal.
